The nature of triclinic to orthorhombic phase transition, at which colossal negative thermal expansion is observed, and the magnetic ordering of Bi 1−x La x NiO 3 have been investigated with neutron powder diffraction (NPD) and x-ray absorption spectroscopy techniques. The presence of a charge-transfer transition from (Bi/La) 3+ 0.5 Bi 5+ 0.5 Ni 2+ O 3 to (Bi/La) 3+ Ni 3+ O 3 , accompanied by the simultaneous structural distortion, was confirmed. The NPD data also revealed that magnetic ordering is present only in the insulating triclinic phase. The metallic orthorhombic phase was found to be nonmagnetic down to 10 K.
The nature of triclinic to orthorhombic phase transition, at which colossal negative thermal expansion is observed, and the magnetic ordering of Bi 1−x La x NiO 3 have been investigated with neutron powder diffraction (NPD) and x-ray absorption spectroscopy techniques. The presence of a charge-transfer transition from (Bi/La) 3+ 0.5 Bi 5+ 0.5 Ni 2+ O 3 to (Bi/La) 3+ Ni 3+ O 3 , accompanied by the simultaneous structural distortion, was confirmed. The NPD data also revealed that magnetic ordering is present only in the insulating triclinic phase. The metallic orthorhombic phase was found to be nonmagnetic down to 10 K. Our previous neutron powder diffraction (NPD) 2 and hard x-ray absorption spectroscopy (XAS) 3 studies revealed a pressure-induced charge transfer between Bi and Ni leading to the valence distribution Bi 3+ Ni 3+ O 3 at 3.5 GPa. This transition is marked by a simultaneous structural change from a triclinic (P1) to an orthorhombic (Pbnm) GdFeO 3 -type phase accompanied by a metal-insulator transition 4 and 2.5% volume shrinkage because of the increase in Ni valence from 2+ to 3+. 2 The same transition was found in Bi 0.95 La 0.05 NiO 3 at ambient pressure. 5 The large triclinic phase and the small orthorhombic phase coexist over a wide temperature range, and the change in their phase fractions with temperature leads to a colossal negative thermal expansion (CNTE) with a measured dilatometric linear thermal expansion coefficient of −82 × 10 −6 K −1 between 320 and 380 K. 6 Further La substitution for Bi leads to increase in the fraction of the orthorhombic phase at room temperature, and the orthorhombic phase becomes dominant above x = 0.20. 5 This sample shows a metallic conductivity, suggesting the presence of Ni 3+ . These behaviors agree with the charge-transfer transition in BiNiO 3 . However, there are several experimental results inconsistent with the charge-transfer picture. Ni-2p XAS suggested that the valence of Ni in Bi 1−x La x NiO 3 was (2 + x)+ in both triclinic and orthorhombic phases, without a distinct change from 2+ to 3+. 7 In addition, the magnetic transition temperature of Bi 1−x La x NiO 3 (x = 0-0.2) was almost independent of the La content despite the S = 1 to 1/2 spin state change expected as the Ni valence changes from 2+ to 3+. 1, 5 These uncertainties warrant a precise structural analysis of the La-substituted samples, using neutron diffraction to provide precise oxygen positions and magnetic structures, and a hard XAS study to check the soft XAS results.
For this paper, we investigated the temperature evolution of the valence state of Bi 1−x La x NiO 3 by means of NPD and Ni-K edge XAS studies. The presence of the charge transfer and the oxidation of Ni from 2+ to 3+ as the origin of the CNTE are confirmed. The metallic orthorhombic (Bi,La) 3+ Ni 3+ O 3 phase is found to be nonmagnetic, so the antiferromagnetic transition observed by susceptibility measurements is attributed to the coexisting triclinic phase.
II. EXPERIMENTAL DETAILS
Polycrystalline samples of Bi 1−x La x NiO 3 (x = 0.05, 0.10, and 0.20) were obtained by high-pressure synthesis as described previously. 1, 5, 6 Neutron diffraction data were collected from 10 to 500 K at the Institut Laue-Langevin in Grenoble, France, using the high-resolution diffractometer D2B (λ = 1.594Å). Further diffraction patterns were measured for the x = 0.10 sample on the high-flux D1B (λ = 2.519Å) at 10 K. Data analysis was performed by the Rietveld method using the FullProf suite 8 and General Structural Analysis System 9 programs. Hard XAS measurements at the Ni K edge were carried out at the BL01B1 beamline of Super Photon ring-8 (SPring-8), Japan. This beamline is composed of a double monochromator equipped with a Si 111 crystal and Rh-coated double mirror to reduce the higher harmonics with a cutoff energy of 10 keV. 10 The data were collected in the transmission mode from 10 to 498 K using a heater and cryostat. The energy resolution is < 2 × 10 −4 around the Ni K edge. XAS spectra were normalized to 1.0 above the edge and analyzed using the Ifeffit software package.
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The background was fitted using Victoreen's equation and a constant a/E 3 + b/E 4 + c, where E is energy and a, b, and c are fitting parameters 12 and are subtracted from XAS spectra. Edge positions were determined as the value of the energy of the arctangent function in least-squares fits of the x-ray absorption near edge structure (XANES) region (<8355 eV) using an arctangent plus a Gaussian function
where x is the x-ray energy in electron volts, E 0 is the absorption edge, dE is the half width of the edge, E 1 is the energy of the white line, σ is the standard deviation, and the A is the fit parameter.
III. RESULTS AND DISCUSSION
Rietveld fits to NPD patterns of Bi 1−x La x NiO 3 with x = 0.05, 0.10, and 0.20 were performed assuming the presence of a magnetic triclinic phase and a nonmagnetic orthorhombic phase, as described later. Fits to 10 K data are shown in Fig. 1 , and crystallographic parameters are summarized in Tables I  and II 7 is not supported by the structural results.
The discrepancy between the present NPD results and those of the previous spectroscopic study may be explained through the sensitivity of the Ni-2p XAS to the partial delocalization of the Ni 3+ charge as a ligand hole. Analysis of the Ni-K XAS data around the pre-edge region led to a description of the Ni 3+ state in the BiNiO 3 high-pressure phase as not purely
where L denotes the ligand hole. This effect, and the presence of some triclinic phase containing Ni 2+ , reduced the energy shift of the Ni-2p absorption and led to the assignment of the Ni valence in Bi 1−x La x NiO 3 as 2 + x instead of 3.
Figure 2(a) shows the temperature variations of the NPD pattern for x = 0.05. The temperature dependences of the unit cell volumes, the fraction of the orthorhombic phase, and the weighted average volumes are plotted in Fig. 2(b) . The structural transition from the triclinic to the orthorhombic phase was observed in accordance with previous x-ray diffraction studies. 5 The transition of x = 0.05 is broad compared with the previous reports and is not complete even at 500 K. This is probably due to minor compositional differences among samples. As the NPD measurements required a large amount of sample, capsules 5.6 mm in diameter and 8.0 mm in height were used for the high-pressure syntheses of the NPD samples, while the capsule size for previous samples was 3.6 mm in diameter and 5.0 mm in height. The presence of a pressure or temperature gradient in the larger capsules may have affected the homogeneity of the Bi/La distribution. As the La content increases, the transition is shifted to the lower temperature and the slopes of the phase fractions change become gradual. At x = 0.20, the fraction of the orthorhombic phase was almost temperature independent. Since La 5+ is not formed, 
La ions introduced into the Bi
5+ site destabilize the valence disproportionation of Bi. The fraction of the triclinic phase therefore decreases, and the orthorhombic phase becomes dominant.
The charge transfer was further confirmed by the hard XAS data. Figure 3 0.10, the absorption edge shifts to higher energy on heating, indicating the increase in Ni valence accompanying the chargetransfer transition. This behavior is essentially the same as that observed for BiNiO 3 under pressure. 3 The shift for x = 0.10 is 40% of that of x = 0.05, reflecting the difference in the change of the orthorhombic phase fraction as plotted in Fig. 2(b) , and for x = 0.20, the absorption edge is almost temperature independent. The results of XAS measurements indicate that the valence of Ni changes from 2+ for the triclinic phase to 3+ for the orthorhombic phase, supporting the NPD results. Figure 3(c) shows the temperature dependence of the absorption edge energy for x = 0.05, confirming a reversible charge-transfer transition showing hysteresis in accordance with the CNTE observed for x = 0.05. 6 The magnetic structures of the triclinic and orthorhombic phases were analyzed to discover whether the G-type antiferromagnetic ordering found in the parent compound, triclinic BiNiO 3 , persists in the Bi 1−x La x NiO 3 derivatives. 14 Figure 4 shows a magnified view of the NPD pattern of x = 0.10 collected on diffractometer D1B at 10 K, where the weight fractions of the triclinic and orthorhombic phases were 47% and 52%, respectively. Although the G-type antiferromagnetic ordering does not give further Bragg reflections because it has the same √ 2a × √ 2a × 2a supercell as both triclinic and orthorhombic forms of BiNiO 3 , where a is the lattice constant of a cubic perovskite, the magnetic component is evident from the intensities of NPD peaks. G-type antiferromagnetic ordering in the orthorhombic phases would add intensity at 2θ = 33.4
• (011 reflection), but there is no observed magnetic contribution. Refinements gave correspondingly small magnetic moments of <0.1 μ B for the orthorhombic Bi 1−x La x NiO 3 components, demonstrating the nonmagnetic nature of this metallic orthorhombic phase. In contrast, the ordered magnetic moments per Ni in the triclinic phases at 10 K are 1.66(4) μ B for x = 0.05, 1.72(6) μ B for x = 0.10, and 1.64(11) μ B for x = 0.20, close to that of triclinic BiNiO 3 (1.74(3) μ B at 5 K) 14 containing Ni 2+ (S = 1). The temperature dependence of the magnetic moment of Ni 2+ in the triclinic phase is shown in Fig. 5 and is similar to that of the magnetic susceptibility. 5 The charge-transfer and magnetic transitions of Bi 1−x La x NiO 3 occur separately (e.g., at 200-500 K and 330 K, respectively, for x = 0.05), and from the present NPD results, it is clear that the magnetic transition is due to spin order in the triclinic phase.
The XAS and NPD results both confirm the existence of a temperature-and composition-induced intermetallic charge transfer in Bi 1 3 for the orthorhombic phase. The fraction of the orthorhombic phase increases with heating, accompanied by a simultaneous shift in the Ni-K edge XAS. This indicates that the charge-transfer transition is the origin of the CNTE. An increase in the La concentration x stabilizes the orthorhombic phase. The temperature range of the transition becomes greater with increasing x, and the phase fractions are almost temperature independent at x = 0.20. The magnetic transition observed for Bi 1−x La x NiO 3 is attributed to just the insulating triclinic phase, as the metallic orthorhombic phase was found to be nonmagnetic.
